We have conducted a study on the nonlinear absorption properties of nitrogen-vacancy color centers in processed nanodiamonds. Their two-photon (2P) spectra disclose distinguishable features for the two charge states in which the center exists. The 2P absorption cross section is found to be between 0.1 and 0.5 GM in the wavelength range between 800 and 1040 nm. In addition, the center demonstrates the feature of strong 2P absorption for its neutral charge state below 1000 nm excitation wavelength and predominant 2P absorption by the negative charge state above this wavelength. . They exist in two distinct charge states-neutral (NV 0 ) and negative (NV − ) with discernible spin and optical properties. The negative charge state exhibits a strong dipole-allowed optical transition enabling optically detected magnetic resonance of single electron spins [4] . The long coherence time and outstanding magnetic field sensitivity of NV centers have facilitated magneto-optical imaging with a spatial resolution of 20 nm [5] . In addition, NV centers are considered good candidates for quantum computation [6] and for demonstrating various superresolution imaging techniques [5, 7] .
Recently, nitrogen-vacancy (NV) color centers in diamond have attracted intense research interest and hold great potential in a variety of applications owing to their unique optical and spin properties. A high quantum yield, together with the considerable photostability, exhibiting neither bleaching nor blinking [1, 2] , make NV centers excellent candidates in bioimaging as fluorescent markers [3] . They exist in two distinct charge states-neutral (NV 0 ) and negative (NV − ) with discernible spin and optical properties. The negative charge state exhibits a strong dipole-allowed optical transition enabling optically detected magnetic resonance of single electron spins [4] . The long coherence time and outstanding magnetic field sensitivity of NV centers have facilitated magneto-optical imaging with a spatial resolution of 20 nm [5] . In addition, NV centers are considered good candidates for quantum computation [6] and for demonstrating various superresolution imaging techniques [5, 7] .
Reversible conversion between the two charge states has been observed when they are exposed to intense irradiation at a number of excitation wavelengths [8] . Windows for selective excitation of either charge state have been identified by exploring their photoluminescence spectra under single-photon (1P) excitation [9] . However, two-photon (2P) excitation of NV centers has been observed only at the excitation wavelengths of 875 and 1064 nm [10, 11] . More detailed studies concerning the nonlinear absorption properties and the nature of the charge state transitions under 2P excitation could lead to greater control over the charge state of the NV center and have not yet been carried out.
In this Letter, we concentrate on the studies of single NV centers in nanodiamonds making use of photoluminescence imaging and spectroscopy as well as autocorrelation techniques. This defect is able to switch between both NV 0 and NV − via photoionization processes and electron trapping. A distinguishable feature of their 2P fluorescence spectra reveals selective excitation windows for either charge state, as illustrated in Fig. 1(a) . NV 0 demonstrates dominant 2P absorption for the excitation wavelength from 800 to 1000 nm, switching to NV − when the excitation is above 1000 nm. For this set of experiments an unprocessed suspension of high pressure high temperature nanodiamonds, nominally 100 nm in size was used. The nanodiamonds were further diluted in deionized water and centrifuged for 13 min at a rate of 14,000 rpm. This approach preferentially removed larger particles from the suspension and increases the proportion of nanodiamonds containing single NV centers. In addition, this process improves the fluorescence intensity of the sample by eliminating other undesired impurities. Afterward, ultrasound was applied for 10 min to break up agglomerations in the sample. Borosilicate cover slips marked with registration grids were used as the substrate. The final diamond size was measured with an atomic force microscope (AFM) as 60 20 nm as shown in Fig. 1(b) . A 1 μm × 1 μm 2P image is shown in the inset. Finally, the solution was drop cast onto the substrates and dried at room temperature.
The nonlinear properties of NV centers were studied with a scanning confocal microscope. A femtosecond laser beam with a repetition rate of 82 MHz, a pulse width of 100 fs and a spectral width of 10 nm (Mai Tai DeepSee) was employed as the 2P excitation source focused by an oil immersion objective lens with a numerical aperture of shows emission spectra obtained at different excitation wavelengths. From the emission spectrum acquired by 1P excitation at the wavelength of 532 nm (green curve), the zero-phonon lines (ZPLs) for NV − at 638 nm, and NV 0 at 575 nm are distinguishable features indicating the coexistence of the two charge states. The spectrum obtained with excitation at the wavelength of 800 nm (black curve) is blue-shifted compared with that obtained by 1P excitation and the ZPL of NV − is indiscernible. This result indicates a possible dominant excitation of NV 0 through its phonon sideband (PSB). As the excitation wavelength is increased to 1040 nm (blue curve), the peak of the spectrum noticeably red shifts, and begins to resemble the 1P emission spectrum. This is attributed to more effective absorption by the NV − PSB at longer wavelengths and is consistent with recent photoluminescence excitation measurements [9] . Under 532 nm 1P excitation, the ZPLs are sharper and more pronounced and are both clearly in evidence. The reduced visibility of ZPLs in the 2P excitation spectra may be explained by the considerably higher excitation intensities required for the nonlinear process. The higher intensities are likely to contribute to much stronger local heating effects which may thermally broaden the ZPLs.
From the acquired fluorescence signal, it is possible to estimate the 2P absorption cross section of an NV center as [12] :
where F is the fluorescence counts acquired by the SPAD, η is the fluorescence quantum yield, ϕ is the collection efficiency of the confocal system, and N is the number of emitters inside the focal volume and I is the incident intensity.
To determine the number of NV centers inside the focal spot, a Hanbury Brown-Twiss setup was used [13] . Figure 3 (a) presents a second-order autocorrelation dependence by 1P excitation at the wavelength of 532 nm. The normalized second-order autocorrelation function at the zero delay is given as [14] :
At the point of zero delay, the value of the second-order autocorrelation function approaches zero, which unambiguously indicates the presence of a single emitter in the focal region. The system collection efficiency of (0.0007 0.0001) is estimated for our experimental configuration and a quantum yield of the NV center as 0.7 is taken [15] to calculate the cross sections for the single NV center examined and these are plotted in Fig. 3(b) as blue squares. Their values vary between 0.1 and 0.5 GM and are in good agreement with other results obtained by the 2P excitation of NV centers in a bulk diamond {0.45 0.23 GM at 1064 nm [10] }. This is three orders of magnitude smaller than that of typical CdS quantum dots [12] .
For a comparison, we performed another set of measurements on the 2P absorption cross sections of NV centers in agglomerations. By comparing the fluorescence counts from a single emitter to the aggregation we estimated the number of emitters in the focal spot of the aggregated sample to be (12101 308). For this purpose a correction factor of 1.8 due to the random dipole orientation under excitation by linearly polarized light was adopted by following the previous theoretical estimation by Monte Carlo simulations [16] . The estimated 2P absorption cross sections per NV center in the agglomeration are shown in Fig. 3(b) as red circles. Their values are in reasonable agreement with the results obtained from single NV centers over the investigated range. These results may imply that the immediate environment of NV centers has less effect on the 2P excitation properties of NV centers.
There is considerable variation in the cross-section values across the spectrum with several local maxima at 860, 900, and 980 nm. The black curve represents an approximation of the experimental data as a sum of Gaussian functions. This structure may be explained by variations in the coupling strength of the electronic transition to local vibronic modes. The differences in energy (64 and 113 meV) between these peaks are close to the energies predicted by various ab initio studies [17, 18] .
As suggested by the variation in spectra shown in Fig. 2(b) , the proportion of the total luminescence contributed by the NV 0 and NV − shifts as the excitation wavelength is increased. By using the established approximation of modeling the emission characteristics of both NV 0 and NV − as Gaussian functions [19] we can quantitatively estimate the relative contribution of the two charge states to the cross-sectional area. To do this we first fit two Gaussian functions to the emission spectrum obtained with the 532 nm excitation, shown in Fig. 4(a) . This provides a benchmark for the fitting parameters to be used in fitting the 2P emission spectra. An example of the fitting performed with the excitation wavelength of 1040 nm is plotted in Fig. 4(b) . The fitting procedure consistently reproduced the acquired spectra, and achieved errors of less than 8% for the unfiltered spectral region. By taking the ratio of the fitted Gaussian plots we arrive at the percentage contribution to the overall cross section of absorption, shown in Fig. 4(c) .
From this data we see that at wavelengths around 1000 nm the two states absorb equally. Above this wavelength NV − dominates the absorption whilst below this wavelength NV 0 contributes mostly to the measured emission spectrum. We found that the 2P absorption cross-sectional area of NV 0 was 3.75 times larger than the NV − area at 800 nm, whilst the NV − 2P absorption cross-sectional area becomes 4.75 times larger at 1040 nm. These results are in good agreement with the respective regions of single photon absorption, which start around 400 nm up to the ZPL at 575 nm for NV 0 and around 450 nm up to the NV − ZPL at 638 nm [8] . The spectral extent of the 2P phonon assisted absorption is twice that of the 1P absorption, as expected for centers with no central symmetry.
In conclusion, the nonlinear excitation properties of NV centers in processed nanodiamonds have been systematically studied by using the 2P fluorescence method. 2P absorption cross sections between 0.1 and 0.5 GM are found for excitation wavelengths from 800 to 1040 nm for both single and agglomerated samples. A selective nonlinear excitation window between 800 and 1000 nm for the neutral charge state is identified. Above the excitation wavelength of 1000 nm 2P absorption by the negatively charged state dominates. These results are of great importance, opening a new window for a better control of the charge states of NV centers with desired spin properties by the selective excitation at infrared wavelengths. 
